A new full-dimension potential energy surface 9 of the three-body He−Rb 2 ( 3 Σ u + ) complex and a quantum study 10 of small ( 4 He) N −Rb 2 ( 3 Σ u + ) clusters, 1 ≤ N ≤ 4, are presented. 11 We have accurately fitted the ab initio points of the interaction 12 to an analytical form and addressed the dopant's vibration, 13 which is found to be negligible. A variational approach and a 14 diffusion Monte Carlo technique have been applied to yield 15 energy and geometric properties of the selected species. Our 16 quantum structure calculations show a transition in the 17 arrangements of the helium atoms from N = 2, where they 18 tend to be separated across the diatomic bond, to N = 4, in 19 which a closer packing of the rare gas particles is reached, 20 guided by the dominance of the He−He potential over the weaker interaction of the latter adatoms with the doping dimer. The 21 deepest well of the He−Rb 2 interaction is placed at the T-shape configuration, a feature which causes the dopant to be located as 22 parallel to the helium "minidroplet". Our results are shown to agree with previous findings on this and on similar systems.
74 through a very simple analytical form, allowing Path Integral 75 Monte Carlo (PIMC) 18 and DMC 19 calculations for ( 4 He) N − 76 Cs 2 ( 3 Σ u + ) complexes, 1 ≤ N ≤ 30, with the same qualitative 77 result as those of ref 16, i.e., the segregation of the guest 78 molecule with respect to the pure He moiety as well as the 79 appearance of a diffuse shell-like structure (see also refs 20−24 80 for other studies with Br 2 and ICl). Recently, Guillon et al. have 81 presented a PES for the He−Rb 2 ( 3 Σ u + ) system and carried out 82 DMC and PIMC calculations on ( 4 He) N −Rb 2 ( 3 Σ u + ) clusters. 25 83 They have interpolated their 108 ab initio points through a 84 certain kind of reproducing kernel Hilbert spaces (RKHS) 85 method 26 and obtained a 2D potential function given in terms 86 of distance-like and angle-like reproducing kernels. 26 Also in 87 this case the Rb 2 remains isolated with respect to the host 88 adatoms. To continue the analysis of such very weakly bound 89 many-particle complexes, we therefore report here a new 90 He−Rb 2 ( 3 Σ u + ) PES and Variational (VAR) (term to be explained 91 better below) and DMC studies of the ( 4 He) N −Rb 2 ( 3 Σ u + ) 92 clusters, 1 ≤ N ≤ 4; we shall further compare our results with 93 those of Guillon et al. 25 Both PESs are very similar, but our 94 simple model makes the dynamical calculations extremely fast, 95 reducing substantially the computational effort. As done in that 96 article, 25 the rotation of the Rb 2 molecule has been included 97 also in our work, while additionally we have addressed the 98 vibrational degree of freedom of the dimer that we shall show 99 can be ignored in the present calculations. Due to the 100 similarities between the He−Cs 2 ( 3 Σ u + ) and He−Rb 2 ( 3 Σ u + ) 101 PESs, as also discussed below, one can expect the occurrence 102 of similar general features, which would then confirm the earlier 103 findings on both types of systems. 18,19,25 104 The paper is organized as follows: in Section 2 we describe 105 the new He−Rb 2 ( 3 Σ u + ) PES, while Section 3 summarizes the 106 two theoretical frameworks. In Section 4 the numerical details 107 can be found, while present results and conclusions are given in 108 Sections 5 and 6, respectively.
COMPUTED INTERACTION 109
2.1. Ab Initio Calculations. We use Jacobi coordinates 110 (r,R,θ) to describe the 3D PES of the He−Rb 2 ( 3 Σ u + ) complex 111 W(r,R,θ), where r is the vector joining the two atoms of the 112 dimer (r ≡ |r|); R is that of the He atom with respect to the 113 center of mass of the Rb 2 (R ≡ |R|); and θ is the angle between 114 R and r. 115 For nine values of r (5. 45, 5.60, 5.80, 6.00, 6.35, 6.80, 7.25, 116 8.00, and 10.00 Å), angles are incremented by 10 degrees from 117 0°to 90°and distances extended out to 20 Å, using different 118 spacings between R values depending on orientation. The total 119 number of computed points was ∼7000. All ab initio cal-120 culations are performed with the Gaussian03 program, 27 using 121 the spin-restricted single and double excitation coupled cluster 122 method with perturbative triples [RCCSD(T)] correlating only 123 the valence electrons. Different choices of basis set expansions 124 were implemented and tested before carrying out the final 125 calculations. The potential curve of the Rb 2 molecular partner 126 was generated by selecting six different basis sets and effective 127 core potentials (ECPs) from different groups within the 128 CCSD(T) approach: the LANL2DZ, 28 the CRENBL, 29 and 129 four balanced basis sets of polarized split valence, triple-ζ 130 valence, and quadruple-ζ valence quality of Wiegend and 131 Ahlrichs. 30 In Table 1 we present, for the isolated dimer, the 132 values of r eq (the equilibrium distance) and of D e (the well-depth), 133 obtained using the above approach, together with previous 134 estimates of those magnitudes. 135 The most recent experiments on the dimer 31 
(2) 184 d(θ) is the well depth, and x ̅ (θ) is the equilibrium distance at a 185 fixed orientation θ. When θ = 0, one realizes that such an 186 addition chiefly reduces to the interaction of He with the 187 nearest Rb atom. A cubic spline fitting to the ab initio points 188 presents a minimum of −0.863 cm −1 at R = 10.801 Å: the 189 nearest Rb atom is here at a distance of 10.801 − 0.5 × r eq = 190 7.63 Å. Starting with these parameters, a nonlinear square fit 191 produces values of d = 0.7987 cm −1 and x ̅ = 7.6044 Å. For the 192 perpendicular orientation, the cubic spline fit to the ab initio 193 points presents a minimum of −2.4193 cm −1 at 6.355 Å. Using 194 simple geometrical arguments, one thus gets initial values to carry 195 out a nonlinear fit and arrives at values of d = 1.1730 cm −1 and x ̅ = 196 7.096 Å for this arrangement. We then assume a two-parameter 197 dependence of these coefficients on the orientation angle
Simple inspection of the different angular curves reveals that 199 there is a slower variation of them when increasing θ from the 200 linear arrangement than when one approaches the latter from 201 the perpendicular orientation, the behavior being more marked 202 for the well depths than for the equilibrium values. This suggests 203 in eqs 3 and 4 to choose a larger value for the α parameter than 204 for β. The final fit to the ab initio points at the 10 different 205 orientations produces values of α = 15.214 and β = 6.173 for 206 energies below 5 cm −1 . Figure 1 depicts W(r eq ,R,θ) obtained 207 using the procedure outlined above, together with the ab initio 208 data, for θ = 0,10, ..., 90°: taking into account the simplicity of 209 the model proposed, the agreement is really good. Note that all 210 potential curves coincide for large enough R, showing the 211 correct behavior as −(1/R 6 ). 212 The energies ΔE corresponding to the (R,θ) raw points, the 213 analytical fit W(r eq ,R,θ), and their differences are collected for 214 the minimum energy position at each θ in Table 2 . The partial 215 standard deviation or root-mean-square (rms) error at each 216 orientation, considering the potential energies below 5 cm −1 , is 217 also included. The total rms error is 0.129 cm −1 , an error which 218 decreases to 0.029 (0.024) cm −1 for energies below 2 (0.1) cm −1 , 219 showing that the largest errors come from the repulsive portion 220 of the surface, while the region of the well (which is assumed to 221 be of major importance in the calculation of bound states) is 222 properly described. shallowness of the present interaction. It is worth pointing out that 226 the present plot is actually close to that reported in ref 25. 227 We turn now to the issue of the diatom's vibration. Taking 228 advantage of the analytical form of the 2D surface W(r eq ,R,θ) 229 and the small value of r ̅ 0 − r eq (= 0.04 Å), we consider a Taylor 230 expansion of such interaction around the equilibrium distance 231 r eq of the dimer Eventually, due to the small value of r ̅ 01 and the weakness of 237 the He−Rb 2 potential as compared with the vibrational 238 diatomic spacing E 1 − E 0 , the lowest eigenvalue W 0 (R,θ) 239 results to be very close to the 2D surface W(r eq ,R,θ), making it 240 indifferent to consider the rubidium dimer either as a rigid 241 rotor, with bond length fixed at r eq , or to account for its 242 vibration. W 0 (R,θ), W(r eq ,R,θ), and their differences at the 243 minimum energy point for selected orientations are shown in 244 Table 3 . The rms error, considering potential energies below 245 5 cm −1 , is also included. The total rms error is of 0.025 cm −1 , 246 lower than that corresponding to the analytical 2D fit of the ab 247 initio points. 
THEORETICAL FRAMEWORKS
250 μ Rb 2 is the Rb−Rb reduced mass; μ is the He−Rb 2 reduced 251 mass; and U Rb 2 (r) is the intramolecular Rb−Rb potential. The 252 doping dimer is treated in this work as a 1 Σ rigid rotor at its 253 equilibrium distance, r eq : the spin effects are neglected, 17,37 its 254 Hamiltonian reduces to only the kinetic term (U Rb 2 (r) = 0), and 255 the He−impurity interaction is represented as W(R), where the 256 dependence in the r eq parameter has been dropped and R ≡ 257 (R,θ). The vectors r and R have associated to them the angular 258 momentum vectors j and l, respectively, yielding the total 259 angular momentum vector J = j + l. 315 where we have introduced the arbitrary "reference energy" E T , 316 which does not influence the final energy results. The total 317 potential is expressed as
After introducing the imaginary time τ ≡ −(it)/(ℏ) and the 319 distribution function f(R,τ) ≡ Ψ T (R)Ψ(R,τ), we arrive after a 320 little algebra to the following expression
is an analytical trial function which approximates at best 322 the true ground-state wave function, and D i ≡ (ℏ 2 )/(2μ) takes 323 the form of a diffusion coefficient. F(R) is the quantum force, 324 and E L (R) is the local energy. 325 The evolution of the N w replicas or walkers of the system in 326 the configurational space through the simulation of a diffusion 327 in the imaginary time leads us to the ground state distribution 328 f 0 = Ψ 0 Ψ T ("mixed estimator"). 16,17,49 329 The trial wave function of a system formed by an impurity 330 and N helium atoms can be expressed as the product of purely 331 nodeless exponential forms 50 Table 4 ). The total number of steps was at least M = 10 6 ; 374 the weights that control the population were w min = 0.5 and 375 w max = 2; and the parameter in the energy reference was α = 1. 17
376
With respect to the He−He trial wave function in the case of 377 ( 4 He) N −Rb 2 , N = 2 and 3, the parameters were selected 378 considering the He−He distance distribution obtained with the 379 VAR approach and are shown in Figure 4 and by Table 5 . For 380 ( 4 He) 4 −Rb 2 we employed the values given by Lewerenz. 52 5. RESULTS AND DISCUSSION 381 5.1. Smallest Complex (N = 1). To better analyze and 382 discuss the behavior of the present set of small clusters, it is 383 instructive to compare their very weak forces with the similar 384 ones for the He−Cs 2 ( 3 Σ u + ), which we have recently studied in a 385 series of publications. 17−19 The plots in Figure 5 show the cuts 386 of the two computed PESs at the extreme orientations of the 387 T-shaped and collinear configurations. 388 The cuts in the figure clearly indicate the more compact 389 structures, with R min ∼ 6 Å, for the stronger interacting T-shape 390 complexes, as opposed to R min ∼ 11 Å for the collinear cases. 391 The two systems, however, are remarkably similar in their 392 interaction potentials, a feature which will become even more 393 evident from our discussion below. One can also see in Figure 5 p 1 = −1944.8 bohr 3 p 7 = − 0.013 bohr −1 p 2 = −29540.3 bohr 3 p 8 = −0.031 bohr −1 p 3 = −322.1 bohr 2 p 9 = 10.47 (adim) p 4 = 1292.9 bohr 2 p 10 = 0.9 (adim) p 5 = −3.48 (adim) p 11 = −7.33 (adim) p 6 = 2.27 (adim) The Journal of Physical Chemistry A Article dx.doi.org/10.1021/jp3004932 | J. Phys. Chem. A XXXX, XXX, XXX−XXX 394 the relative strength of the He−Rb 2 interaction with that 395 corresponding to the He−He pair. The latter is deeper than the 396 former, and as mentioned before, a packing of the rare gas 397 atoms is most likely to happen, with the ensuing isolation of the 398 dimer. Nevertheless, it constitutes only a propensity rule, and 399 the quantum mechanics calculations must be carried out to 400 confirm this point. 401 In Table 6 , one can see how our VAR and DMC energies for 402 HeRb 2 match quite well, with the former binding energy larger 403 than the latter and those from ref 25 below them. We have used 404 the three-body complex as a benchmark: (a) to asses the quality 405 of our analytical fit to the calculated ab initio points, (b) to 406 analyze the relevance of the dopant vibration, and (c) to 407 estimate the temperature dependence by including excited 408 rotational states. Regarding the first issue, we applied a RKHS 409 interpolation method 26 in a similar way to what was done in ref 410 25, although considering radial q 2,5 (x i ,x), x = R or r, and angular Table 6 and graphically presented by Figure 6 , where a The present results already indicate that all the doped species 457 are bound because their energies are below those for pure 4 He 458 complexes. For N = 2 our values follow the independent 459 particles model (IPM), and E(He 2 Rb 2 ) ∼ 2 × E(HeRb 2 ) 460 (correlation energy of the rare gas particles ∼0), which makes 461 sense for this case since the two He adatoms of the four-body 462 complex are placed so far from one another, as we shall prove 463 below with their spatial distributions, that their interaction is 464 negligible. The He 3 Rb 2 and He 4 Rb 2 species do not follow any 465 longer the IPM, and the He−He potential contributions 466 become important. On the whole, the calculations from Guillon 467 et al. 25 give DMC binding energies larger than ours. However, 468 an exhaustive analysis of their values reveals features in 469 disagreement with ours. In the case N = 1 let us remind that 470 our estimation of the HeRb 2 energy at T = 1/25.6 K is −0.10 cm −1 , 471 and therefore if this point was included in Figure 6 the three 472 diamonds would be much closer among them. Our smaller 473 binding energy for this complex can be explained in terms of 474 their slightly deeper PES, with a ratio of the potential well 475 minima of 2.59 (Guillon et al.) The collocation of the additional helium atoms follows the 489 tendency initially shown by the three-body complex; i.e., it 490 places them in a region around the T-shaped geometry with 491 respect to the diatom. The calculations also show that the larger 492 the cluster, the shorter the distance of the solvent atoms to the 493 diatom: from R ∼ 10−11 Å for N = 2 to R ∼ 8.5−10 Å for N = 4. 494 One also sees that all distributions become more localyzed, the He atom radial positions, as indicated by the two-particle 516 radial distribution given by Figure 10 . When one and two more 517 He atoms are added to He 2 Rb 2 , however, one sees that the Figure 9 ): the 519 subregion of the solvent atoms acquires greater compactness in 520 space, and all atoms are now "crowding" the interaction region 521 where the strongest He−Rb 2 attaction exists, i.e., around the 522 T-shaped configuration for the complex. As a consequence of this 523 effect, therefore, we see from the data in Figure 9 and Figure 10 524 that all the He adatoms of the clusters with N > 2 exhibit two-525 particle angle values close to γ ∼ 0°and relative He−He 526 distances which move down to ∼5 Å on the same side of the 527 dopant for N = 4. So, as pointed out before, the He−He 528 interactions dominate over the He−dimer one for N ≳ 3 529 (clearly seen in He 4 Rb 2 ), while for the four-body complex the 530 latter is the leading potential (as obtained in ref 25). Toennies, J. P.; Vilesov, A. F. Angew. Chem., Int. Ed. 2004, 43, 593 2622.
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